ABSTRACT The anatomical sites and the rates of extrapancreatic secretion of glucagon and of glucagonlike immunoreactivity (GLI) were assessed in dogs 2 h after pancreatectomy by catheterization of the gastrosplenic and mesenteric veins.
INTRODUCTION
The evidence that immunoreactive glucagon originates not only from the pancreas but also from the gastrointestinal tract (1) explained the well-known observations that depancreatized dogs do not exhibit symptoms of glucagon deficiency. Indeed, in depancreatized insulin-deficient dogs, plasma immunoreactive glucagon does not decrease, but increases markedly (1) (2) (3) .
The possibility that the increased plasma concentrations of glucagon in patients with diabetes mellitus (4) could be in part of gastrointestinal origin, became, therefore, apparent. In man, A-like cells have been described in the duodenum (5) which usually is removed when pancreatectomy is performed.
Given the difficulty of easy access to the gastrointestinal tract in humans, the release of extrapancreatic glucagon has been studied mainly in animals. In the dog (6), the gastric mucosa contains most of the material reacting with the glucagon antiserum 30-K (Dr. R. H.
Unger, Dallas, Tex.), designated as "pancreatic-glucagon specific antiserum" and reported to react with the C-terminal end of the glucagon molecule (7) . Small concentrations of glucagon, however, have also been found throughout the gastrointestinal tract. Several biochemical characteristics of such material originating from porcine duodenum were investigated (8) , and virtually no differences were found when compared with glucagon of pancreatic origin. The same findings were also reported using gastric extracts f'rom dogs (6, 9, 10) . Histologic examination of gastric mtucosa has revealed cells that are indistinguishable f'rom the glucagon-producing pancreatic A cells (8, 11, 12) .
Several authors (3, 9, (13) (14) (15) demonstrated that in the depancreatized dog arginine could stimulate the release of' gastric glucagon provided that the animal was insulin deficient. This was achieved by stopping insulin treatment of depancreatized dogs after days or weeks of treatment. Secretion rates of extrapancreatic glucagon have not yet been studied.
In the present stuidy the secretion rates of' immtnoreactive glucagoin were meastured separately f'rom the stomach and intestines in anesthetized dogs 2 h after pancreatectomy. Similarly, the secretion of' glucagonlike immunoreactivity (GLI)l of gastrosplenic and intestinal areas was assessed. This is the material crossreacting in assays using "nonspecific" antisera against gluicagon, reported to react principally with the N-terminal end of' the glucagon molecule (16) . In addition, gastrectomy was performed to verify the importance of'the stomach and, in its absence, that of the intestines. Finally, in view of'the claims postulating the existence of' extrapancreatic insulin (17) , the secretion of' extrapancreatic insulin was assessed.
METHODS
Adult mongrel dogs weighing between 25 and 39 kg of either sex were used. The animals were fed commercial dog food ad lib. and were fasted [18] [19] [20] [21] [22] [23] [24] h before the experiment. To reduce bronchial secretion the animals were premeclicated with 2 mg of atropine. Anesthesia was induced with barbiturates and succinylcholine and maintained by continuous slow infusion of these dlrugs as well as by inhalation of nitrous oxile. Ventilation was controlled by a positive pressure respirator after endotracheal intubation, and was adjusted so as to maintain blood pH, arterial Po,, P(A)2, and base excess (measured with a Corning Eel blood-gas analyzer, Corning Glass Works, Science Products Div., Corning, N. Y.) within physiological range; in addition, sodium bicarbonate was infused when needed. Body temperature was maintained at 38±0.50C w.ith a thermostated heating blanket. Arterial pressure and heart rate were continuously monitored on a Beckman polygraph (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.). After midline incision on the abdomen, the pancreas was removed comiipletely, leaving in place the entire intestine and the spleen. After pancreatectomy, catheters were inserted into the gastrosplenic vein and into the common mesenteric vein draining all the blood between jejunum and rectum ( Fig. 1) . Each of' these catheters was shunted into one of the femoral veins allowing f'or the measurement of blood flow (Table I) and for sampling. In addition, one of the femoral arteries was catheterized f'or blood sampling. The decreasing blood flow in the gastrosplenic vein reflects the contraction of the spleen and illustrates the importance of measuring blood flow when hormone secretion is discussed. In two dogs, the stomach was removed as well as the pancreas; the spleen was left in place. I In these dogs, only one venous catheter (mesenteric vein) was inserted.
After the operative procedures, the anesthetized dogs were allowed to recover for approximately 2 h before the experiments were started. After a control period of'20 min arginine was inf'used f'or 30 min into the femoral vein at a rate of 12 mg/kg per min. Thereafter the dogs rested for 50 min. Then exogenous glucagon was infused at 4 ng/kg per min for another 30 min. Blood was simultaneously withdrawn from the two venous catheters and from the artery. Blood flow was measured individually in the two venous catheters at each sampling as described earlier (18) . 6 ml ofblood were sampled and transf'erred into chilled tubes containing 0.1 ml of Trasylol (3,000 KIU, a gift from Doctors Ruf and Aman, Bayer AG, Zurich, Switzerland), 10 mg EDTA (Na2) and 100 IU of lithium heparin. The tubes were centrifuged and the plasma frozen until assayed, not later than 2 wk after the experiments. The hematocrit was measured at every second sampling to calculate plasma flow. It fell from 59+8 at the beginning to 39+±6% at the end of the experiment. Autopsies were carried ouit in all cases to verify completeness of pancreatectomy.
Analyses. Plasma glucose was measured by the glucose oxydase method (19) (glucose oxidase was donated by ProfL F. H. Schmidt, Boehringer Mannheim, Germany). Insulin, glucagon, and GLI were determined by immunoassay using charcoal separation (20, 21) . The following antisera were used: insulin antiserum (a gift from Dr. P. Wright, The values of GLI were calculated by subtracting the value of glucagon (30-K) from that obtained with the nonspecific antiserum (K-4023), as read against a glucagon standard curve. The values are expressed as equivalent of glucagon. Fig. 2a demonstrates that the addition of glucagon did not alter significantly the GLI values measured in a plasma sample, and Fig. 2b shows that added glucagon was quantitatively recovered in the measurements using antiserum K-4023. This is in contrast with the findings of Srikant et al. (22) where in canine pancreatic extracts the measurements of GLI by the antiserum 78-J were influenced by the presence of' glucagon. K-4023 yields linear dilution curves with purified gut GLI. released from extrapancreatic sites, it is essential that of' insulin remained unchanged in the artery, the gastrothe pancreatic tissue, the veins of which might anas-splenic and the mesenteric veins (Table II) . Calculatomose with the ones draining the gastrointestinal tis-tion of exchange rates showed that at no time was insues, be completely removed. The measurements of sulin secreted from these sites (Fig. 3) . .1.',,-,.'-remained near a plateau between 1.0 and 1.3 ng/kg per min throughout the arginine infusion period. Concomitantly, the levels in the artery and the mesenteric vein increased from 85±15 and 95±17 pg/ml to 201±37 and 195±29 pg/ml, respectively, at the end of the arginine infusion (Table II) . After completion of the infusion, the glucagon concentration gradually fell in all three vessels. Secretion of glucagon in pancreatectomized gastrectomized dogs. Because gastric glucagon secretion seems to be important only after the pancreas has been removed (1), the (uestion was raised whether glucagon secretion from the distal gastrointestinal tract might be increased in the absence of both the pancreas and the stomach. To test this the stomach was removed in two additional dogs concurrently with pancreatectomy. Fig. 5 demonstrates that a small amount of glucagon (0.05 and 0.17 ng/kg per min) was secreted from the intestinal area, confirming the findings that in the dog immunoreactive glucagon is present throughout the gastrointestinal tract (6) . The infusion of arginine was, however, without effect (Fig. 5 ).
Glucagon disappearance from the circulationi. To (ng/kg/min) minutes four times more glucagon was infused than was secreted during arginine administration. In addition, the glucagon secreted in our dogs was shunted around the liver. Glucagon was taken up by both the gastrosplenic and the intestinal areas. The sum of the two areas averaged between 0.56+0.25 mg/kg per min. at base line and rose to a maximum of 2.2± 1.1 mg/kg per min after the administration of glucagon.
Secretion of glucagon. Dturing the control period, glucagon concentrations of <100 pg/mi were found in the artery and the mesenteric vein (Table II) . The higher level in the mesenteric vein reflected a small but statistically significant glucagon secretion from the intestinal area (Fig. 4) which was observed only during the control period.
The glucagon concentrationis in the gastrosplenic vein were significantly higher than that in the two other vessels (Table II) averaging 150-300 pg/ml during the base-line period. The administration of arginine resulted in a prompt glucagon rise in the gastrosplenic vein reaching 777±225 SEM pg/ml after 5 min. Fig. 4 shows that this rise corresponded to a net glucagon secretion of 1.05±0.42 ng/kg per min at 5 min which as it was shown in humans (25, 26) , the two must have a similar plasma half'life. During the infusion of glucagon, arterial levels varied between 500 and 700 pg/ml (Table II) . During this time, a significant net glucagon uptake was observed in both gastrosplenic and intestinal areas (Fig. 4) . After cessation of the glucagon infusion, a small (statistically insignificant) increase of glucagon release from the gastrosplenic area was observed. Similar findings, both uptake and "release," were observed across the peripheral tissues, a phenomenon called "storage by inundation" by Cannon in 1929 (27) .
Secretion of GLI. The presence of GLI has been reported in extracts of pancreas (22, 28) and stomach (29) . To determine whether it is a secretory product of the endocrine cells present in the canine stomach or A-like cells present in the more distal intestine (8) , GLI secretion from the gastrosplenic and intestinal areas was assessed. Fig. 6 demonstrates that at no time during the experiments was any GLI release observed from the gastrosplenic area, thus ruling out GLI secretion from the stomach. By contrast, GLI release f'rom the intestinal area was substantial: arginine stimulated its secretion in all dogs from an average base line of 0.30±0.12 ng eq/kg per min during the control period test whether glucagon secreted from the stomach had a different clearance rate than pancreatic glucagon, exogenous glucagon was infused intravenously during 30 min in four dogs at a rate of 4 ng/kg per min. The levels reached at steady state were used for comparison. The fact that arginine stimulation resulted in a secretory pattern reflecting a constant infusion made such a comparison possible. Table III summarizes these results and compares them with data obtained in an earlier study (24) . Assuming that the clearance of' either exogenous or endogenous glucagon does not depend on hormone concentration in the range studied to a peak of' 0.80±0.24 ng eq/kg per min (P < 0.05) at 5 min. The elevated secretion rate lasted only 15 min, after which it fell toward base line despite the continuing arginine administration (Fig. 6) .
The infusion of' glucagon was also accompanied by an increased GLI secretion. At 10 min after the beginning of the inf'usion, GLI levels were above mean base line in all four dogs. In addition in both dogs in which the pancreas and the stomach were removed, GLI secretion increased markedly during the inf'usion of' glicagon (Fig. 7) .
DISCUSSION
The present study delineates by functional tests the anatomical region of secretion of extrapancreatic glucagon and of GLI. It measures (uantitatively the rates of such secretion and by comparison with an infusion of pancreatic glucagon indicates that in vivo the clearance rates of'pancreatic and gastric glucagon are identical. The gastric A cells offer an interesting model for studying the regulationi of' A-cell secretion in tissues where contiguious B cells are absent. It has been shown previously that, indeed, regulation of'gastric A-cell secretion differs f'rom that of'the pancreatic A cell (9, 13) , suggesting that the anatomnical relationships of' these two endocrine cells play some role in regulating their function (30).
2 h after panicreatectomiy, glucagon secretion f'rom the gastrosplenic area could be stimulated by arginine in all dogs studied. In contrast to Lefebvre and Luyckx's (31) findings of' a short-lived secretory peak in an isolated stomach preparation, we observed a sustained secretion throughout the 30 min of arginine administration. The dif'ferenice between the two studies could arise from the f:act that in Lefebvre's study the perifusate was whole blood containing normal insulin concentrations, and this hormone decreases responsiveness of gastric A cells (9, 13) . According to Mufioz-Barragan et al. (14) , gastrit, glucagon secretion becomes quantitatively important only after remioval of' the panicreas. It was speculated, therefore, that gastroinitestinal sources other than the stomach might, in a hierarchic manner, take over the secretion in the absence of both pancreas and stomach. The resuilts presented here (Fig. 5) demonstrate that 2 h after pancreatectomy-gastrectomy, such a mechanism is not operative and shows (Fig. 4 , Table II ) that in the dog the stomach is the sole important source of' extrapancreatic glucagon. It was one of' the aims of this study to assess (uantitatively the capacity of' this source when compared to the endocrine pancreas. At rest, the gastrosplenic area secreted approximately 0.25 ng/kg per min (Fig. 4) which is approximiiately one-fourth of a basal secretion from the nonstimulated pancreas (18, 32) . Upon stimulation with arginine the secretion rate from the stomach (uadrupled to 1 ng/kg per min raising the arterial glucagon levels by approximately 100 pg/ml. A similar fold increase in plasma glucagon levels has been reported in humanis during arginine administration (33) .
In the two dogs in which the pancreas and the stomach were removed, intestinal glucagon secretion amounted to 0.05 and 0.17 ng/kg per min, respectively (Fig. 5) . This, in turn, is approximately one-third of gastric secretion in the nonstimtilated state of <10% of normal pancreatic secretion.
As an in vivo test for similarity between gastric and pancreatic glucagon, their respective clearance rates were assessed by comnparing the levels achieved in venous blood during either endogenous secretion at plateau or constant rate infusion of exogenous glucagon (Table II, Fig. 4 ). Table III illustrates that endogenous (gastric) glucagon and exogenous (pancreatic) glucagon have a similar plasma half-life, suggesting a high degree of' identity between the two (6, 10) . According to these data, an infusion or secretion of 1 ng/kg per min elevates plasma levels by 100 pg/ml. The calculate(d clearance rate for glucagon (when delivered into the systemic circulation) would, therefore, amount to 10 ml/kg per min. This is approximately double that calculated for the base-line period (Table II, Fig. 4) . If one considers, however, that the antiserum 30-K measures, besides glucagon, other molecular moieties in plasma of humans (34) and of dogs (35) , and this in approximately similar amounts, true glucagon clearance lies probably closer to 10 ml/kg per min.
The catheterization procedure used in this study has proved a useful tool in measuring in vivo the rates of net uptake or release of metabolites or hormones to and from different parts of the gastrointestinal tract. It ruled out the existence of a significant extrapancreatic source of insulin in the gastrointestinal tract of the dog. Such a source has been claimed to exist in the Muller, Girardier, Seydoux, Berger, Renold, and Vranic := pig (17) because insulin immunoreactivity was detected in mucosa extracts from porcine stomach.
It was of interest to observe that substantial amounts of glucose were taken up by the intestinal tract in these insulin-deprived animals. Ross et al. (15) calculate a glucose disappearance in depancreatized insulin-deprived dogs of 5.3 mg/kg per min. In our dogs, gastrointestinal glucose uptake amounted to 0.56 mg/kg per min or approximately 10% of Ross' number. This indicates that the gut can take up a substantial fraction of the overall glucose produced, a fact to be considered when splanchnic balances are discussed.
Finally, this technique allowed us to determine both the source and secretion rates of GLI. As it has been claimed that GLI is stored in gastric mucosa (29), we investigated whether such material was secreted from that site as well. Fig. 5 illustrates that we could not detect any GLI release from the stomach. The sole source of GLI was the intestines. We also observed that arginine and glucagon stimulated GLI secretion (Figs. 6 and 7), and this has not been reported previously. In view of the possibility that GLI might be a precursor of glucagon (36) , it was of interest to observe that at base line GLI clearance amounted to approximately 1 ml/kg, which is one-tenth of that calculated for glucagon. As far as our model is representative of normal physiology, this difference in clearance renders unlikely the hypothesis that blood-borne GLI is the only precursor for glucagon.
